We have performed magnetization and 31 P-NMR measurements on the itinerant ferromagnet LaCoPO (Curie temperature TCurie ∼ 44 K) with a layered structure in order to investigate spin dynamics in the paramagnetic state. The linear scaling between the Knight shift K at the P site and the bulk susceptibility χ above TCurie indicates that the P nucleus is suitable for investigating magnetic properties. The temperature and magnetic field dependences of the nuclear spin-lattice relaxation rate divided by the temperature 1/T1T at the P site show characteristic features of itinerant ferromagnets, such as ZrZn2 and Y(Co1−xAlx)2. In addition, the relationship between 1/T1T and χ above TCurie suggests that ferromagnetic fluctuations possess a two-dimensional (2D) characteristic. The present data show that LaCoPO is a unique ferromagnet, where the 2D fluctuations anticipated from the crystal structure are predominant down to almost TCurie.
Since the discovery of superconductivity in LaFeAs(O 1−x F x ) with the "1111" structure [tetragonal ZrCuSiAs structure (P 4nmm)], 1 much attention has been paid to the electronic state in the two-dimensional (2D) FeAs layer where superconductivity occurs. In the FeAs compounds with the "1111" structure, the presence of cylindrical Fermi surfaces with hole and electron characteristics was inferred from the band calculations 2, 3 and has been confirmed by angle-resolved photoemission spectroscopy (ARPES) measurements in NdFeAs(O 1−x F x ). 4 The antiferromagnetic (AFM) order at T N ∼ 140 K in LaFeAsO is considered to be induced by nesting between the hole and electron Fermi surfaces, 5 which is believed to be related to high-T SC superconductivity in 2D FeAs compounds. 6, 7 Magnetism in the "1111" structure other than that in the FeAs compounds is also important for exploring a possible candidate for a new superconductor.
In this paper, we report magnetic properties in LaCoPO with the "1111" structure. LaCoPO shows a ferromagnetic (FM) transition at 44 K with a small spontaneous magnetic moment p s = 0.33 µ B / Co. 8 The resistivity shows a metallic behavior from room temperature down to 2 K and the effective magnetic moment estimated from the Curie-Weiss behavior of the susceptibility χ just above T Curie is approximately 2.9 µ B , and thus, LaCoPO is regarded as a weak itinerant ferromagnet. Since related compounds LaFePO and LaNiPO with even numbers of 3d electrons [Fe(3d 6 ) and Ni(3d 8 )] show superconductivity 9-11 and LaMnPO with Mn(3d 5 ) is an antiferromagnet, 12 "1111" compounds with odd-number * E-mail: kishida@scphys.kyoto-u.ac.jp † E-mail: nakai@scphys.kyoto-u.ac.jp 3d electrons may exhibit a magnetic ground state. Measurements of the bulk susceptibility and 31 P-NMR (I = 1/2) have been performed on LaCoPO in order to investigate magnetic properties and spin dynamics in the paramagnetic (PM) state. The linear scale between the bulk susceptibility and the Knight shift (K) at the P site indicates that K is determined by Co-3d spins, and that a 31 P nucleus is suitable for probing Co spin dynamics. By the analyses of the nuclear spin-lattice relaxation rate 1/T 1 and χ above T Curie , we obtained the relation 1/T 1 T ∝ χ 3/2 in the PM state, suggestive of the predominance of the 2D FM fluctuations in LaCoPO.
The polycrystalline powder LaCoPO was employed in our measurements. Detailed preparation and characterization are described in ref. 8 The magnetization was measured with a commercial superconducting quantum interference device magnetometer (Quantum Design, MPMS-XL). Figure 1 shows the temperature dependence of the spontaneous magnetization M S (T ) and 1/χ(T ) determined through the Arrott plots shown in the inset, where the square of the isothermal magnetization M 2 is plotted against the inverse of the magnetic susceptibility (H/M ). A deviation from a linear relation is observed at small H/M below 50 K. This convex behavior was also reported in LaCoAsO, 13 which is considered to originate from the sum rule of the zero-point and thermal spin fluctuations 14 and/or the two-dimensional characteristic of the spin fluctuations. The Curie temperature T Curie and spontaneous magnetization M S shown in Fig. 1 were determined by the extrapolation of the linear relation and evaluated to be T Curie = 44 ± 1 K and M S = 0.33±0.02µ B /Co at 2 K, respectively. These values are in good agreement with those in our previous report. 1/χ(T ) above T Curie is derived from lim H→0 H/M . The effective Curie moments P eff are 1.57 ± 0.02 µ B , as obtained by the fitting of 1/χ(T ) in the temperature range between 80 and 150 K, and 1.30 ± 0.01 µ B between 150 and 300 K. The obtained P eff is smaller than that previously reported of LaCoPO (2.9 µ B ), but it is very similar to that of LaCoAsO (1.3 ∼ 1.4µ B ), smaller than the theoretically expected value of 3.87 µ B for S = 3/2. At present, the cause of the large value of P eff reported previously is unclear, but it seems to be a spurious impurity phase.
31 P-NMR (I=1/2) measurements were performed at 4.8, 14.5, and 28.5 MHz, in which 31 P-NMR spectra were observed at around 0.28, 0.84 and 1.70 T, respectively. Figure 2 shows the P-NMR spectra at 14.5 MHz obtained by sweeping magnetic fields at various temperatures. To observe their variations carefully, the inset (a) shows the extended 31 P-NMR spectra at high temperatures. The P-NMR spectrum at T = 160 K shows a typical powder pattern spectrum with the axial Knight shift component. The Knight shifts perpendicular K ⊥ and parallel K to the axis of the axial symmetry, which is the c-axis in LaCoPO, are determined from the resonance spectrum, as shown by the solid and dotted arrows, respectively. K c shifts markedly with decreasing temperature, and the spectra become anomalously broader toward T Curie . At 5 K well below T Curie , a zero-field NMR signal was observed at around 11 MHz, as shown in the inset (b), where the resonance magnetic field purely arises from the FM Co moments. From this resonance frequency, the magnitude of the ordered moments at the Co sites can be roughly estimated using the hyperfine coupling constant between 31 P nuclear and Co electronic spins. Figure 3 shows the temperature dependences of 31 K c and 31 K ab , which increase as T Curie is approached. These in the ratio 31 A aniso / 31 A iso = 0.37. The anisotropic term mainly originates from the 2p-orbital effect at the 31 P site, suggestive of the presence of the coupling between Co atoms by way of the P-2p orbitals. Since A aniso /A iso has been reported to be ∼ 0 in the superconducting (La 0.87 Ca 0.13 )FePO, 15 and to be ∼ 0.1 in the stripe-type antiferromagnets BaFe 2 As 2 16 and SrFe 2 As 2 , 17 the coupling through p orbitals at a ligand pnictogen site in LaCoPO is stronger than that in the above-mentioned compounds, and would be important for the ferromagnetic properties. By considering the values of A c , the magnitude of the ordered moments at 5 K is evaluated to be ∼ 0.41 µ B from the relation H int = A c M S , where H int is the internal field at the P site at 5 K shown in the inset (B) of Fig. 2 . The magnitude of M S is consistent with the magnetization result. Figure 4 shows the temperature dependence of the 1/T 1 T measured at the intense peak in the NMR spectrum obtained at 4.8 MHz (∼ 0.28 T), 14.5 MHz (∼0.84 T), and 29.3 MHz (∼ 1.7 T), which is 1/T 1 T along the aor b-axis. The 1/T 1 T of 4.8 MHz increases on cooling and diverges at around T Curie . The divergence changes a maximum in ∼ 0.84 T, and the maximum of 1/T 1 T is suppressed and the temperature of the maximum increases with increasing field, as observed in Fig. 4 contrasts that observed in itinerant antiferromagnets, such as LaFeAsO, 21 in which the divergent behavior of 1/T 1 T at a Nèel temperature is robust against applied fields. The 1/T 1 measured at the c-axis resonance field (1/T 1 T ) c is plotted using closed squares in Fig. 4 . It was found that (1/T 1 T ) c /(1/T 1 T ) ab is 1.3 ± 0.05, indicating that the anisotropy of 1/T 1 is small and that the relaxation rate is determined by the P-2s orbitals. Since the FM critical fluctuations are easily suppressed by magnetic fields, 1/T 1 T above T Curie was plotted against H and extrapolated to H → 0 in order to determine the zero-field 1/T 1 T related to the intrinsic FM critical fluctuations, as shown in the inset. The 1/T 1 T extrapolated to H → 0 is denoted by gray circles in Fig. 4 . Physical properties of the itinerant magnetism have been discussed on the basis of spin-fluctuation theories. 22, 23 These theories suggest that itinerant ferromagnets show 1/T 1 T ∝ χ n near the FM instability with n = 1 in 3D and n = 3/2 in 2D. Figure 5 shows the temperature dependences of 1/(T 1 T χ 3/2 ) and 1/T 1 T χ above T Curie , where the 1/T 1 T extrapolated to H → 0 is used below 150 K and 1/T 1 T at 14.5 MHz is adopted since the field dependence of 1/T 1 T is negligibly small at high temperatures. As shown in Fig. 5 , the 1/T 1 T ∝ χ 3/2 scaling holds in the wide temperature region above 100 K, indicating that the FM fluctuations in LaCoPO possess a 2D characteristic. The gradual decrease in 1/(T 1 T χ 3/2 ) below 100 K might be ascribed to the crudeness of the estimation of 1/T 1 T in H → 0 and/or interlayer couplings inducing 3D magnetic ordering.
Hatatani and Moriya extended the self-consistent renormalization (SCR) theory of spin fluctuations to 2D ferromagnets 24 and discussed the effect of spin fluctuations on various physical quantities. Here, we compare the experimental results of χ and 1/T 1 T with their calculations and evaluate spin fluctuation parameters. In the SCR expression, the dynamical spin susceptibility χ(q, ω) is described in terms of two parameters, T 0 and T A , which characterize the width of the spin excitation spectrum in frequency ω and q spaces, respectively. For FM correlations as in LaCoPO, χ(q, ω) is expressed as where x = q/q B with q B being an effective zone boundary vector, and the reduced inverse susceptibility y = 1/(2T A χ(0, 0)). The relation between the measured susceptibility χ (emu/mol) and χ(0, 0) is χ = (gµ B ) 2 χ(0, 0)N A . 1/T 1 T is related to the imaginary part of the dynamical susceptibility as
where γ n and A(q) are the nuclear gyromagnetic ratio and the q-dependent hyperfine coupling constant, respectively. Assuming A(q) is q-independent A hf , 1/T 1 is calculated following the 2D formalism as
In the framework of the 2D-SCR theory, y is approximately expressed as y = (T /6T 0 ) 2/3 exp [−p 2 T A /10T ] for the ferromagnet ground state, where p is the FM moment in µ B units. 24 Taking the isotropic component of hyperfine coupling constant A iso = 1.9T/gµ B as A hf and p = 0.4µ B , we calculate the temperature dependences of 1/χ and 1/T 1 , as shown in Fig. 6 . The experimental temperature dependences are consistently reproduced using T 0 = 1500 K and T A = 12500 K. These values are comparable to those in Y(Co 0.87 Al 0.13 ) 19 and approximately two times larger than those in LaCoAsO. 13 However the difference between parameters in LaCoPO and those in LaCoAsO may reflect a different model; the 3D-SCR model was used for the analyses of χ in LaCoAsO. Note that the 1/χ values of LaCoPO and LaCoAsO show a downward behavior below 100 K. Since the temperature dependence of 1/χ in the entire temperature range is not fitted by the 3D SCR but is reasonably fitted by the 2D SCR theory, the temperature dependence suggests the predominance of the 2D ferromagnetic fluctuations, as indicated by the relation 1/T 1 T ∝ χ 3/2 . However, since pure 2D ferromagnets do not have a finite critical temperature, interlayer coupling would work in the narrow temperature region near T Curie , as pointed out by Ohta and Yoshimura. 13 Neutron scattering experiments are required to obtain the spin fluctuation spectra along various q vectors and for comparison with our NMR results.
In conclusion, the FM critical fluctuations, which highly depend on applied magnetic fields, are observed in LaCoPO. The relation 1/T 1 T ∝ χ 3/2 in the zero-field limit suggests that the FM correlations possess a 2D characteristics. The temperature dependences of χ and 1/T 1 T above T Curie are consistently interpreted in terms of the 2D SCR theory and the spin fluctuation parameters are derived. The present data show that LaCoPO is a unique itinerant ferromagnet, in which the 2D FM fluctuations anticipated from the crystal structure are dominant in a wide temperature region above T Curie .
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